Emergence of an Australian-like pstS-null vancomycin resistant Enterococcus 4 faecium clone in Scotland 5 6 7
cation adjusted Mueller-Hinton broth media (BD Biosciences), whereas MICs for all other 1 0 0 antibiotics were obtained using VITEK 2 (bioMerieux). 1 0 1 1 0 2 Results 1 0 3
All Scottish VRE strains sequenced (VREF001-5) had 2.9-3.0 Mb genomes with 37.6-37.7% 1 0 4 GC content (Table 1) . Analysis of average nucleotide identity and Tetra Correlation Search 1 0 5 (TCS) against database genome sequences, using JSpeciesWS (version 3.0.12) [14] , 1 0 6 showed that all five VRE isolates were E. faecium; VREF001, VREF002, VREF004 and 1 0 7 VREF005 were highly related with over 99.9% identity among aligned (>97%) sequences, 1 0 8
whereas VREF003 displayed around 16% unique sequences compared with the other 4 1 0 9
genomes. In silico MLST analysis of VREF001-5 genomes identified VREF003 as sequence 1 1 0 type (ST) 262, which has not been previously reported in the United Kingdom. The other 4 1 1 1 genomes had exact matches for 6 MLST alleles (atpA-9, ddl-1, gdh-1, purK-1, gyd-12 , adk-1 1 2 1), but no match for pstS; such MLST profile has now been assigned as ST1424 in the 1 1 3
Enterococcus faecium MLST database (https://pubmlst.org/ efaecium/). However, despite 1 1 4 the missing pstS in these four genomes, all VREfm strains sequenced in this study did have 1 1 5 a pstS homologue within a pst operon (also referred to as pstS2), which is thought to be the 1 1 6 actual pstS housekeeping gene in E. faecium [7, 8] . 1 1 7 1 1 8 We then searched for antibiotic resistance genes with perfect or strict matches to reference 1 2 1 genes of the comprehensive antibiotic resistance database (CARD), but also considering 1 2 2 loose matches with exceptional low e-value (<10 -100 ) and/or very high identity (>66%) to the 1 2 3 reference gene. Analysis of the gene profiles of these five isolates identified the multi-1 2 4 aminoglycoside resistance gene aac(6')-Ii, in all 5 strains, and aac(6')-aph(2''), in all but 1 2 5 VREF004; all 5 isolates had at least 1 macrolide-lincosamide-streptogramin resistance gene 1 2 6 (ermB), a pbp5 variant (designated pbp5-R) conferring resistance to beta-lactams [15], for 1 2 7 which no reference gene exists in CARD, and the vancomycin-teicoplanin resistance gene, 1 2 8
vanA. With the exception of VREF003, all strains had the spectinomycin resistance gene 1 2 9 ant(9)-Ia. Lastly, VREF003 was the only strain with a tetracycline transporter gene (tetL) 1 3 0 (Table 2 ). It is notable that all isolates had 2 loose matches for the tetracycline resistance 1 3 1 gene tetM. By further examining the region where these tetM-like sequences are located, 1 3 2 we found that the 5 genomes had a Tn5801-like transposon (full-length or fragment) 1 3 3 containing a sequence similar to Staphylococcus aureus Mu50 tetM gene [16], but with a 1 3 4 3,229 bp insertion. The trimethoprim-resistant gene dfrG and two more genes with unknown 1 3 5 function were located within this insertion. A similar insertion has been reported previously in 1 3 6 some ST17 and ST18 E. faecium strains [16] which is thought to result in defective 1 3 7 protection against tetracyclines [17] . Lastly, all strains had a homologue of the E. faecalis 1 3 8
IsaA gene which confers resistance to quinipristin-dalfopristin. However, the product of this 1 3 9 gene (known as EatA), unlike the >99% identical EatA v product found in some E. faecium 1 4 0 strains, has a threonine at position 450, which is associated with increased susceptibility 1 4 1 towards quinupristin-dalfopristin [18, 19] . Susceptibility to a given antibiotic is indicated in bold. ND: MIC value not determined. 1 4 5
Resistant genes identified which correspond to strict or perfect matches against antibiotic 1 4 6 resistance genes of the comprehensive antibiotic resistance database (CARD) are shown. 1 4 7
Additionally, some loose matches (underlined) to CARD reference genes, which either had > 1 4 8 99% identity with reference CARD gene (tetL), or had zero e-value (rpoB2), or were the sole 1 4 9
genes that could explain differences in antimicrobial susceptibility among the 5 isolates 1 5 0 (ant(9)-Ia, marA and mtrR), are shown. The variant of a full-length penicillin-binding protein 5 1 5 1 gene conferring resistance to penicillins (pbp5-R), for which no reference gene in CARD 1 5 2 exists, was found in all genomes. Numbers at top right of resistant genes correspond to the 1 5 3 sequenced strains (last digit of isolate ID) carrying these genes. All strains exhibited high level resistance to vancomycin; 4/5 had high level resistance to 1 5 6 teicoplanin, associated with the presence of vanSA (absent from VREF005, which displayed 1 5 7 low level resistance) and 4/5 had high level resistance to spectinomycin (apart from 1 5 8 VREF003 which displayed low level resistance). The strains had low level resistance to 1 5 9 streptomycin, as well as resistance to a variety of other drugs. The low level resistance to 1 6 0 streptomycin and spectinomycin, in the absence of any gene coding for resistance to those 1 6 1 antibiotics, is due to decreased uptake of these drugs by E. faecium [20] . All isolates were 1 6 2 susceptible to linezolid, chloramphenicol, tigecycline and Synercid™ (quinupristin-1 6 3 dalfopristin). VREF003 was the only isolate found to be resistant to tetracycline, doxycycline, 1 6 4 oxytetracycline and minocycline, but unlike the other four isolates, it was susceptible to 1 6 5 rifampicin ( Table 2 ). Since all five isolates had an identical rpoB2 variant (assumed to exert 1 6 6 some level of rifampicin-resistance), the decreased resistance of VREF003 towards 1 6 7
rifampicin, compared to the other 4 strains, may be due to the lack of any mtrR and marA 1 6 8 homologues in the VREF003 genome. On the other hand, loose matches of these were 1 6 9 present in the other four isolates, and such genes have been shown to confer resistance to 1 7 0 multiple drugs in other bacteria, including rifampicin [21, 22] . Alternatively, VREF001-2 and 1 7 1 VREF004-5 may contain an mtrR-independent mechanism of reduced permeability for 1 7 2 rifampicin compared with VREF003 [23]. Antibiotic susceptibility tests indicated that all five 1 7 3
isolates are classified as multi-drug resistant enterococci, according to standardised 1 7 4 international terminology [24]. 1 7 5
We then performed a phylogenetic comparison of VREF001-5 genomes with other known 1 7 6
VREfm genomes reported to have a missing pstS locus; these included: 14 (out of 66 1 7 7 reported) Australian strains isolated from 9 different hospitals between 2014 and 2015 [8], 5 1 7 8
Australian strains (out of 202 reported within 6 local health districts) isolated from 2 different 1 7 9 local health districts (LHD-1 and LHD-2) in New South Wales during 2016 [25] , and all 5 1 8 0
English pstS-null E. faecium strains isolated from a single hospital (Kathy Raven, personal 1 8 1 communication) in 2005 [7] . In our phylogenetic analysis we also included: 5 hospital-1 8 2 associated isolates of different MLST sequence type each, 3 isolates (BM4538, UAA1025 1 8 3 and E2883) previously reported to have an insertion in the tetM-locus [16] and the first 1 8 4 complete E. faecium genome, Aus0004 [9] . 1 8 5
This analysis indicated that Scottish pstS-null isolates are most closely related to Australian 1 8 6 pstS-null isolates ( Fig. 1A; subclade 3-1) , and particularly to certain ST1424 clones isolated 1 8 7 from New South Wales (hospital 3 and Local Health District 1). Due to the existence of long 1 8 8 branches within subclade 3-1 (Fig. 1A) , the phylogeny of that subclade was further refined 1 8 9 by analysis of genomes belonging only to this subclade [12] (Fig. 1B) ; most Australian 1 9 0 ST1421 clones and the sole ST1422 were found to be closely related to the ST1424 1 9 1 subclade; however, few Australian ST1421 strains (SVH-244, DMG1500788 and 1 9 2 DMG1500808) and one ST1424 (SVH-278) were more phylogenetically distinct, whereas the 1 9 3 sole ST1423 clone (VanB type DMG1500761) was found to diverge the most among all 1 9 4 pstS-null strains (Fig. 1A-C) . English pstS-null isolates, which are all ST1477, all cluster 1 9 5 together ( Fig. 1A ; subclade 2-2) and are distinct form Australian and Scottish pstS-null 1 9 6 strains; nevertheless, all pstS-null clones appear to be related to ST17 clones ( Fig. 1A ; 1 9 7 subclade 3-2 and Fig. 1C ), which suggests that the former may have derived from ST17 1 9 8 strains. Most of the Australian pstS-null genomes we analysed were ST1421 (Fig. 1C ), in 1 9 9 agreement with recent data showing that ST1421 is the most common and widespread 2 0 0 pstS-null VRE strain in Australia, accounting for more than 70% of the cases [25, 26] . Since 2 0 1 both Australian [8] and Scottish (this study) VREfm pstS-null strains were found in different 2 0 2 hospitals (Fig. 1C) , it is likely that such clones have spread in the community. Our 2 0 3 phylogenetic analysis further supports an intercontinental ST1424 clone spread between 2 0 4 hospitals of New South Wales and Scotland (Fig. 1) . On the other hand, all English VREfm 2 0 5 strains with missing pstS locus [7] cluster together and are likely to have spread within the 2 0 6 hospital that they were isolated from. VREF003 is more phylogenetically related to ST18 E. 2 0 7 faecium isolates ( Fig. 1A) , in agreement with a previous study showing a phylogenetic 2 0 8
